Homogeneous nucleation kinetics for melting in superheated crystals is analyzed in order to derive a kinetic stability limit for the crystal lattice above its equilibrium melting point ͑T m ͒. It is found that at a critical temperature (T K m , which is about 1.2T m for various elemental metals) a massive homogeneous nucleation of melting occurs in the superheated crystal. Such a homogeneous nucleation catastrophe, which occurs before other proposed (rigidity, volume, and entropy) catastrophes can intervene, provides us with a kinetic stability limit for superheated crystals. [S0031-9007(98) The melting process of crystalline materials has been experimentally proved to be nucleated at heterogeneous nucleation sites such as grain boundaries or free surfaces [1, 2] . Providing heterogeneous nucleation can be avoided for melting by means of experimental techniques, crystals can be superheated above their equilibrium melting points [3] [4] [5] . Several attempts have been made in recent years to estimate the upper limit for superheating in crystals. Drawing on Kauzmann's idea on the glass transition [6], Fecht and Johnson [7] proposed a thermodynamic stability limit for the superheated crystal in terms of an entropy catastrophe that occurs at a critical temperature ͑T s m ͒ when the entropy of the superheated crystal equals that of the liquid phase. Later, Tallon [8] suggested an elastic instability limit for superheated crystals based on a rigidity catastrophe, a temperature at which a shear modulus in the crystal falls to zero. It was demonstrated that the upper limiting temperature for crystals due to the rigidity catastrophe T r m is below the instability limits defined by the volume or isochoric catastrophe [8] (T y m , at which the volume of the crystal equals that of the liquid) and the entropy catastrophe ͑T s m ͒. However, the superheating observed experimentally in metallic crystals (of which the highest is about 0.1T m ; T m is the equilibrium melting point) is evidently far below these proposed instability limits that range from 0.3T m to 2.0T m . It is, therefore, of great significance to search the crucial process of melting that intrinsically limits the structure stability of the superheated crystal lattice.
The melting process of crystalline materials has been experimentally proved to be nucleated at heterogeneous nucleation sites such as grain boundaries or free surfaces [1, 2] . Providing heterogeneous nucleation can be avoided for melting by means of experimental techniques, crystals can be superheated above their equilibrium melting points [3] [4] [5] . Several attempts have been made in recent years to estimate the upper limit for superheating in crystals. Drawing on Kauzmann's idea on the glass transition [6] , Fecht and Johnson [7] proposed a thermodynamic stability limit for the superheated crystal in terms of an entropy catastrophe that occurs at a critical temperature ͑T s m ͒ when the entropy of the superheated crystal equals that of the liquid phase. Later, Tallon [8] suggested an elastic instability limit for superheated crystals based on a rigidity catastrophe, a temperature at which a shear modulus in the crystal falls to zero. It was demonstrated that the upper limiting temperature for crystals due to the rigidity catastrophe T r m is below the instability limits defined by the volume or isochoric catastrophe [8] (T y m , at which the volume of the crystal equals that of the liquid) and the entropy catastrophe ͑T s m ͒. However, the superheating observed experimentally in metallic crystals (of which the highest is about 0.1T m ; T m is the equilibrium melting point) is evidently far below these proposed instability limits that range from 0.3T m to 2.0T m . It is, therefore, of great significance to search the crucial process of melting that intrinsically limits the structure stability of the superheated crystal lattice.
In the superheated crystal where heterogeneous nucleation for melting is avoided, homogeneous nucleation might play a dominant role in the melting kinetics. In this Letter, we present a kinetic analysis of homogeneous nucleation behavior for melting in superheated crystals. It is found that in a superheated crystal a massive homogeneous nucleation catastrophe occurs at a critical temperature ͑T K m ͒ where is much lower than the various instability limits ͑T s m , T y m , and T r m ) proposed earlier.
When a crystal is heated above its equilibrium melting temperature ͑T m ͒, there is a driving force for melting from the Gibbs free energy difference between the two states, DG y G l 2 G c . If the heterogeneous nucleation of melting can be avoided at grain boundaries, dislocations, or free surfaces by means of a suitable coating [3] , or heating internally [9] , only homogeneous nucleation of melting inside the bulk crystal will occur. To form a liquid spherical nucleus (with a radius r) inside a perfect crystalline lattice, the Gibbs free energy change will be
in which g sl denotes the solid/liquid interface energy (which is assumed to be temperature independent) and DE is the change in strain energy density (per unit volume) resulting from the volume change upon melting. By analogy with the classical homogeneous nucleation theory for solidification [10] , a critical size of
and a critical work of nucleation
can be obtained for the homogeneous nucleation of melting. DG y can be approximated by DH m ͑T m 2 T ͒͞T m (here DH m denotes the fusion enthalpy change) by neglecting the heat capacity ͑c p ͒ difference between solid and liquid, as measurement results have indicated that c p of the crystal and liquid becomes equal within 100 ± C of the melting point [7] . According to Allen et al. [11] ,
where m is the shear modulus and K is the bulk modulus for the solid, and f is a factor to account for the effect of a free surface on the strain energy density which is taken to be 1.0 in the present case.´is the hydrostatic strain associated with the fractional volume change during melting ͑DV ͞V c ͒, e 1 3 DV ͞V c . The homogeneous nucleation rate of liquid is a function of temperature consisting of a driving force term and a diffusivity term,
where Q is the activation energy for atomic diffusion in the crystal lattice, and I 0 is a prefactor related to the vibration frequency of the atoms and the surface area of the crystal nuclei. According to Turnbull and Fisher's treatment of solidification [12] , I 0 is approximated by nkT ͞h (n is the number of atoms in a unit volume, k is Boltzmann's constant, and h is Planck's constant) by assuming that the same atomic transport behavior is relevant during melting above T m and freezing below T m . By means of the available data for DH m , g sl (data from Ref. [13] ), K, m, DV ͞V c , T m and Q, one can calculate the homogeneous nucleation rate of melting in superheated crystals. Figure 1 shows the calculated results of the nucleation rate as a function of temperature for aluminum, compared with that of the nucleation rate of solidification. It is seen that the homogeneous nucleation rate for melting increases by orders of magnitude from essentially zero to very high values over a narrow temperature range, i.e., there is effectively a critical temperature T K m at which an "explosive" homogeneous nucleation for melting occurs inside the superheated crystal lattice. The critical superheating temperature required to give one nucleus per second per cm 3 under homogeneous nucleation of melting in Al was found to be 1127 K, which is The explosive homogeneous nucleation of melting is similar to that for crystal nucleation in an undercooled liquid, but a fundamental difference exists between them. For crystal nucleation in an undercooled liquid, an increase in undercooling elevates the driving force but reduces the atomic diffusivity, resulting in a substantial increase in the nucleation rate at a critical undercooling ͑T K s ͒ followed by an obvious decrease after its maximum value. For melting nucleation in a superheated crystal, however, an increase in superheating will enlarge both the driving force and the diffusivity, leading to a monotonic increment of the nucleation rate. It is expected that the nucleation rate for homogeneous melting will not decrease as the temperature rises farther.
From a kinetic point of view, the critical temperature ͑T K m ͒ is considered as an upper limit for the superheated crystal, above which catastrophic melting will be initiated by massive homogeneous nucleation. For Al, T K m 1.21T m which is much lower than the instability limits defined by the entropy catastrophe [7] homogeneous nucleation in the present paper is thus the lowest among the above various instability limits, at least for Al. In other words, with progressive superheating, a homogeneous nucleation catastrophe occurs before other catastrophes can intervene.
In fact, the effect of strain energy density ͑DE͒ will be suppressed at higher temperatures if the temperature dependence of the elastic modulus for crystal is considered. Then the critical temperature for explosive homogeneous nucleation T K m will be even lower. In an extreme case when DE tends to be zero, T K m for Al was found to be only 1.13T m . If the effect of heterogeneous nucleation of melting at various defects is taken into account (such as those at dislocations, grain boundaries, or free interfaces), the critical superheating to activate nucleation catastrophe will be considerably depressed since the critical energy barrier and the critical nucleus size are smaller than those for the homogeneous one. In fact, the heterogeneous nucleation of melting at point defects inside the crystal, of which the equilibrium concentration increases at elevated temperatures, could not be avoided experimentally. The thermal distribution of defects may be effective in providing heterogeneous nucleation sites of the liquid phase, and hence reducing the stability limit. Therefore, the kinetic stability limit for superheated crystals in the present study in terms of the homogeneous nucleation catastrophe provides us with an upper bound of stability of the crystal lattice to which it can be, in principle, superheated.
It can also be seen from the above analysis that the critical temperature T K m increases when the crystal size is smaller because a higher homogeneous nucleation rate (in a unit volume) is required. In other words, the kinetic stability limit is increasing with a decrease of the crystal dimension. This size effect of the kinetic stability limit may be responsible for some experimental observations that superheating increases with a decrease of the crystal size [15, 16] when heterogeneous nucleation is avoided.
Melting of crystals should be a kinetic process for which the temperature-time-transformation ͑T-T-T͒ diagram can be constructed by means of the nucleation and growth rates. Suppose homogeneous nucleation with a constant rate ͑I hom ͒ and a polymorphous diffusioncontrolled growth (with a constant rate of U) dominate the melting process, the volume fraction transformed at a given temperature ͑T . T m ͒ can be described as a function of time ͑t͒ [10] : Here the liquid phase is taken to be spherical and grows isotropically in three dimensions. The T-T-T curves for melting of the superheated crystal in Al are shown in Fig. 2 , which differs fundamentally from those for solidification in the undercooled liquid. The melting T-T-T curves show a monotonic decrease of time when temperature rises, rather than a "C"-type curve as normally observed for solidification. This distinction originates from the different temperature dependence of the nucleation rates, as discussed above. The T-T-T curves for melting of the superheated crystals indicated that substantial superheating can be metastable in the experimental time scale providing no heterogeneous nucleation for melting is presented. Although the isentropic point ͑T s m ͒ exists, as propose on the basis of the entropy catastrophe [7] , it could be achieved only by applying an extremely high heating rate (greater than 10 13 K͞s for a transformed volume fraction less than 10 26 from Fig. 2 ) to a crystal without any heterogeneous nucleation site. That does not seem to be feasible by using present-day heating techniques, therefore, the upper Kauzmann temperature will not be easily reached, at least for elemental metals in the present study. Even if such an ultrahigh heating rate could be realized, the life of the superheated crystal around T s m will be extremely short. Nevertheless, our result does not exclude the possibility of approaching the upper isentropic point in some materials such as solid solutions, compounds, ceramics, polymers, or even biological systems, if their kinetic critical points for homogeneous nucleation catastrophe are higher than the corresponding T s m . It is also anticipated from the present kinetic analysis that, for those low-dimensional materials (such as ultrafine particles or ultrathin films) whose size or thickness is smaller than the critical nucleus size (r ‫ء‬ , which is typically about 1 nm for metals), homogeneous nucleation of melting would become so difficult that T K m might be significantly elevated.
